kinds of DGs, such as photovoltaic (PV) systems and fuel cells, are connected to MGs via power electronic inverters [2] . The inverter-based DGs with low inertia are vulnerable to oscillation [3] . The inrush current and spike voltage caused by the large disturbance probably damage the power electronic devices and its storage capacitor. In addition, the MG system usually operates under the three-phase unbalanced condition [4] , [5] due to the integration of single-phase generators/loads and the occurrence of asymmetrical faults. The unbalanced configuration and susceptibility to oscillation will lead to significant challenges for the stable operation of the MG. The stability of an MG can be studied using the model created in commercial software such as PSCAD/EMTDC and MAT-LAB/SimPowerSystem. The switching details of power electronic inverters are included in these models, which lead to a large computation burden. Furthermore, the switching models are discontinuous and, thus, difficult to be used for small-signal [6] [7] [8] and large-signal analyses [9] . Therefore, instead of the switching model, the dynamic average models are usually utilized for the numerical simulation and stability analysis.
The first step for stability analysis such as small-signal analysis and the Lyapunov method [9] is to calculate a fixed equilibrium of a dynamic model, followed by the linearization or calculation of the energy function on the obtained equilibrium. Under the balanced assumption, the dynamic average model is transformed from the abc frame into the synchronous rotating dq reference frame to obtain the fixed equilibrium [7] [8] [9] [10] . However, the unbalanced operation of the MG will produce an oscillating equilibrium and second harmonics of the state variables on the dq reference frame. Thus, the model on the dq reference frame is incapable of analyzing for the MG system under the unbalanced condition. The sequence-component method has been used to analyze the electrical system under an asymmetrical fault [2] , [11] . However, the sequence component model cannot fully present the three-phase unbalanced structure and parameters, such as single-phase DGs, unbalanced network, and loads. Thus, this method is limited to analyze the systems with the balanced structure [2] .
The dynamic phasor (DP) method can describe the periodic varying signals using dc variables. A fixed equilibrium can be obtained from the DP model on the abc reference frame, which allows a full presentation of different unbalanced conditions. In [12] , the small-signal stability of the droop-controlled DG is analyzed by developing a character equation based on the DP method. The developed model is based on the balanced assumption and is equivalent to a single-phase system. Thus, the effect of unbalance on the transient response of the inverter is not taken into account. The DP modeling has also been used for the harmonics analysis of a voltage-source converter [13] , stability analysis of an ac machine [14] , and high-voltage direct current systems [15] . In [16] , the DP method is used for modeling of radial distribution systems under the unbalanced condition. The distribution system with an induction motor load and singlephase PV are connected to a stiff grid with a constant system frequency. The complete DP model in [16] is built on the constant frequency, which cannot formulate the system with time-varying frequency, such as the MG. Therefore, the inverter-based DG that manipulates the frequency and voltage of the electrical system has not been included in the distribution system [16] . The DP method proposed in [13] [14] [15] [16] can only describe the periodical signal with a constant frequency. However, in the MG system, DGs cannot synchronize perfectly during the transient process [17] . The inverter-based DGs participate in the system frequency by means of the phase-locked loop (PLL) or the droop power controller. The frequency shift is slight but manipulates the power-angle relationships among DGs, which determines the power sharing and operating point of a complete system.
In [18] , the DP method for time-varying frequency systems and the multifrequency system is proposed. Then, the proposed theory is applied to an aircraft system with two generators. However, the transient characteristic of the inverter-based MG is different from those of the generator-based electrical system. The control system and the circuit topology of the DG dominate the transient behavior of the inverter-based MG. The modeling procedure and transient analysis of the inverter-based MG under the unbalanced condition has not been discussed in the papers mentioned above. To fill this gap, this paper extends the DP modeling to the inverter-based MG under the unbalanced condition. The control system and the circuit topology of the inverter-based MG under the unbalanced condition are formulated in detail. Then, the effects of control parameters on the transient response of the MG are discussed via eigenvalue analysis and numerical simulation, which guides the controller design of the unbalanced MG.
The rest of this paper is organized as follows. In Section II, the DP concept based on the time-varying frequency is presented. In Section III, the DP modeling procedure of the inverter-based MG is developed, which includes three-phase DGs, single-phase DGs, unbalanced network, and loads. Section IV presents a case study for a test system with two synchronverter-based DGs and single-phase PV. Eigenvalue analysis is carried out to validate the capability of the DP model for small-signal analysis. Simulation results are provided to show the accuracy of the DP model. Section V presents the conclusion.
II. DP CONCEPT
The DP concept is a generalized averaging method to describe the time-domain quasi-periodic waveform. The DP based on the time-varying fundamental frequency is presented in this section. For a time-domain waveform x(τ ) [18] , the Fourier expansion of this waveform in the moving window θ ∈ (θ − 2π, θ] can be presented by the summation of its Fourier series as
where ω is the variable system frequency and θ is the phase angle defined as
X k (t) is the Fourier coefficient in a complex form, which can be defined as a kth DP. It is defined as follows:
X k (t) as the kth DP describes the kth harmonics of x(τ ) in a complex form. The width of the window remains constant with the change of the frequency (θ = 2π), which makes (1) always integrable. Therefore, this improved DP presented here can be utilized for the electrical system with a time-variable frequency. Since the DPs of a quasi-periodic waveform are constant at the steady state, the DP model can be linearized at the steady state for small-signal analysis.
The main mathematical characters can be described as
As the fundamental frequency ω is time varying, its mathematical description is essential and should be included in a complete DP model.
For a real time-domain waveform x(t), its DPs also have the following property:
where X * k (t) is the complex conjugate of X k (t). Substituting (5) into (1), the real time-domain waveform can be written as
It can be seen from (6) that the real waveform can be presented by the DPs whose order k 0. In DP modeling, the number of DPs for a time-domain waveform is decided according to the accuracy requirement. For the balanced electrical system [12] , the inverter model commonly contains the fundamental component of the DP for the variables in the ac side and dc components of the DP for the variables in the dc side. 
III. DP MODELING OF THE MG
In this section, the DP modeling for the inverter-based MG is presented. The DP model of the inverter-based MG is divided into the inverter-based DGs, network, and load. At first, the DP models of three-phase DG and single-phase DG are developed. Then, the DP models of the three-phase network and load are built. Considering the small-time constant of distribution lines, a network model is described by algebraic equations. The DP model of a complete system is presented on the abc three-phase coordinate, which completely describes the load and network unbalances.
A. DP Model of the Three-Phase Inverter-Based DG
The DGs are commonly interfaced to the MG via the voltage-source inverter. Fig. 1 shows the block diagram of the synchronverter-based DG. The ac side of the inverter consists of a three-leg inverter, an LC filter, and coupling inductors. The capacitors of the LC filter are connected in Y-connection. Two fictitious capacitors 2C dc are used to obtain a midpoint n of the dc link and, thus, do not physically exist. The energy resource and storage device of three-phase DGs can be approximated by an equivalent resistance R dc and L dc in series with an ideal voltage source, as illustrated in Fig. 1 .
The dynamic model of the dc side of the inverter-based DG can be written as
where L dc and R dc denote the inductor and the resistor, respectively. u * dc is the voltage of the ideal voltage source and u dc is the voltage of the input capacitor. i dc and i s are the output current from the ideal voltage source and the input current of the inverter, respectively. Considering the fundamental components of the duty cycle, the relationship between the inject current i s and the filter current i f on the ac side can be written as
where d j is the average duty cycle of pulsewidth modulation (PWM). The synchronverter that mimics synchronous generators is adopted here for the three-phase DG. Synchronverter control can enhance the virtual inertia and the dynamic stability of the inverter-based DG [19] . When disturbances such as load changes or grid faults occur, the synchronverter adjusts the angular frequency of the output voltage spontaneously based on the virtual inertia provided by the power controller, thereby maintaining the stability of the MG.
The output current signals, i f , are collected to the controller. The control part of the synchronverter is presented in Fig. 2 , where E * denotes the reference terminal voltage amplitude, ω * is the reference frequency, and P * and Q * denote the reference active and reactive powers, respectively.
The active power control loop and the reactive power control loop can mimic the droop property of the synchronous generator. The active power control equations that present the mechanical kinematic performance of the machine are
where J is the moment of inertia and D p denotes the active damping coefficient. T e is the electromagnetic toque and ω is the output angular frequency of the synchronverter. The reactive power control equation is
where D q is the voltage-drooping coefficient, K is the inertia coefficient related to D q . M f and i f denote the virtual mutual inductance and the rotor excitation current, respectively, and M f i f is treated as a dynamic state for the voltage control. The calculation of the reference terminal voltage u ij , reactive power Q, the electromagnetic toque T e , and the amplitude of output voltage can be obtained as follows:
From (13), the averaging duty cycle d j can be written as
The dynamic equation of the filter current can be presented as
where j denotes the phase (j = a, b, c), u o,j is the output voltage of the LC filter, and u gn is the voltage difference between the neutral node g and the n point of the dc side. Add the current equation (17) in each phase (j = a, b, c) as follows:
For the three-phase three-leg inverter in Fig. 1 , there is no zero-sequence current channel for the filter current i f ,j ; the summation of the filter current i f is equal to zero. Meanwhile, the reference voltage u i,j are three phase balanced; thus, the summation of d j are equal to zero as well. Therefore, (19) can be rewritten as
When the synchronverter is under the balanced condition, u gn = 0.5 u dc . That means the neutral node g and the middle point of the dc link n are equipotential. Under the unbalanced condition, there is a potential difference between the midpoint n and the node g; this midpoint-to-neutral voltage deteriorates the balance of the output voltage. The terminal voltage to the neutral node u ig ,j can be presented as
The voltage unbalance of the connected bus causes the second harmonics of active and reactive powers. Due to the oscillation of the active power, the second harmonic of the dc voltage will appear, which may damage the dc capacitor in a long term.
B. DP Model of the Inverter-Based DG With Synchronverter Control
In this section, the DP model of the synchronverter-based DG is developed. The output current and voltage on the ac side contain ±1st fundamental frequency component, and the variables on dc sides consider the dc and ±2nd harmonic component. Because the harmonics of the measured signals in the controller can be filtered using a low-pass filter, the electromagnetic toque T e , the system frequency ω, and the M f i f contain only dc components ( ω 0 and Mfif 0 , T e 0 respectively). The -kth DPs are presented as the complex conjugate of the kth DP using (5).
1) DC Side of the Three-Phase Inverter: The DP model of the dc side can be written as follows:
2) Control Part of the Synchronverter: The dynamic equations of the power controller from (10) to (12) can be presented by using the DP equations as
where the DPs of the electromagnetic toque < T e > 0 and the reactive power <Q> 0 are presented as
The first DPs of the reference output voltage u ij of phase j (j = a, b, c) can be written as
The DP of the output voltage to neutral node u ig ,j can be presented as The DP model of each three-phase inverter is modeled at its local frequency at first. The first DPs of the sin θ j and cos θ j in (29) and (30) at the fundamental angle θ = ωt can be calculated as follows:
3) LC Filter and Coupling Inductor: The output LC filter and the coupling inductance DP model can be represented as follows:
C. DP Model of the Single-Phase PV
The basic configuration of a single-phase PV is illustrated in Fig. 3 . A single-stage dc-ac inverter is used for energy conversion. The main elements of the single-stage PV are the PV array, the input capacitor C, the dc-ac inverter, and the L filter. The control system of the PV is presented in Fig. 4 .
The control system consists of the maximum power point tracking (MPPT), the PLL, the current control loop with the proportional-resonant (PR) controller, and the PWM module [16] . The amplitude of the reference output current of PV I mag is calculated by I mag = √ 2P pv /U b,j , where P pv is the PV array output power and U b,j is the RMS value of the grid voltage. When the inverter is working under the unit power factor mode, the angle of the output current is provided by the PLL that measures the angle of the bus voltage. In this paper, the effects of the MPPT and the dynamics of the PLL are not taken into consideration.
Since the DPs of the reference output current i * is in phase with DPs of the grid-side voltage u g , the DP of the i * can be written as
The PR controller is used to track the ac signal i * . Defining the intermediate states x 1 and x 2 in the PR controller, the dynamic equations of the PR controller can be presented as [16] ⎧
The first component of the DP for the output voltage u out can be written as
Considering the first DP of the dynamic in the L filter, the DP equation of the output current can be written as
Substitute (38) into (39); the DP model of the single-phase PV consists of (37) and (39).
D. Combined Model of DGs With Different Frequencies
The angular frequency of the output voltage varies during the transient process. Each DG is modeled on its local fundamental frequency that is set by its local power controller. To connect DGs into a complete MG model, the output of each DG should be transformed into a common fundamental frequency. The relationship of the first DP of variable with different frequency ω is carried out as
where θ qp = (ω q − ω p )dt, x p,1 is the first DP of x with frequency ω p , and x q,1 is the first DP of x with frequency ω q . One of the DGs is selected as the master DG whose frequency is specified as the common fundamental frequency ω com , and the rest of the DGs are the slave DGs. The master DG provides the common fundamental frequency to all the subsystem of the MG. The fundamental frequency of PV is defined synchronous with the local network voltage via the PLL. Thus, PV should be taken as a slave DG due to its incapability of frequency manipulation. The DPs of the output current of slave DGs are redefined on the common fundamental frequency as 
where θ sm = (ω s − ω m )dt, the subscript m denotes the common fundamental frequency ω com , and s denotes salve DGs. The bus voltage should be transformed into the local frequency as the input of each DG, which can be written as
where
When the MG is in the grid-connected mode, the utility grid can be equivalent as the ideal voltage, whose voltage and frequency are constant.
E. DP Model of the Load
The load connected to the MG is equivalent to the series connection of the resistors and inductance (RL load). The dynamic equations of the RL load connected at node i are
The DP model of RL loads is defined on the common fundamental frequency ω com , which can be written as
F. DP Model of the Network
The DP model of the network is developed using the algebraic equations in a matrix form for a concise presentation. The network model is defined on the common frequency ω com . It should be noticed that in the three-phase framework, each phase of nodes should be defined individually. The series admittance between two nodes (p, q) is denoted by the 3 × 3 complex matrix Y pq as the unnumbered equation shown at the bottom of this page, where R pq ,j , L pq ,j , and ω com denote the line resistance, inductance, and the common fundamental frequency, respectively. For a network with l buses, the network matrix can be presented by the network matrix Y net ∈ R l × l . The elements in this matrix Y net are the n × n matrix (n 3) denoted as follows:
where O denotes the zero matrix. The set λ = {(i, j)} denotes that there is a connection between buses i and j through a distribution line. If a phase of the line does not exist, the corresponding column and row should be zero quantity. To avoid the singularity of the network matrix, these rows and columns should be deleted. After deleting the zero columns and rows, the final form of the network matrix Y net is developed. Thus, the network interactions can be presented by the admittances matrix Y net based on Ohm's and Kirchoff's laws as
where i o , i load , and u b denote the inject current vector, the output load current vector, and the node voltage vector in a The superscript T denotes the transposition of matrix. For the phases of a node that do not exist, the corresponding element in these vectors are deleted. If there is no DG connected to phase a of node j, i oj,a is equal to zero, and so does the i loada,j . The node voltage of the network can be calculated from (45) as
The node voltages of the network are treated as the input for each subsystem. Finally, the complete DP model of the MG can be obtained by combing the DP model of three-phase DGs, single-phase DGs, loads, and the network.
IV. VALIDATION OF THE DP MODEL OF THE UNBALANCED MG
In this section, a 220-V 50-Hz test MG is built to validate the DP model result. As shown in Fig. 5 , the test MG consists of two synchronverter-based DGs and one single PV. Three unbalanced loads are connected to Buses 1-3, respectively. The parameters of DGs are shown in Table I ; the parameters of the network and the load are shown in Table II . In the test system, two synchronverter-based DGs are equally rated. The parameters of two DGs are the same so that they share the power equally during the transient process. The measured electromagnetic toque T e , the reactive power Q, and the magnitude of the output voltage E pass through the second-order Butterworth low-pass filter to attenuate the effect of harmonics. The high-order filters have little effect on the dynamics of the synchronverter due to the relatively large time constant of the synchronverter controller.
There are a total of 39 phasor equations to describe the dynamic behavior of the test system. The first phasors among the state variables will be separated into real and imaginary components. Therefore, 65 state variables are introduced into its DP model, and eigenvalue analysis presents 65 eigenvalues.
A. Eigenvalue Analysis and Sensitive Analysis
The dynamic stability of the synchronverter-dominated MG and chosen values of the droop coefficient have been discussed in [7] . The purpose of this section is to validate the capability of the DP model for eigenvalue analysis. A fixed equilibrium of the unbalanced MG can be obtained from the DP model. Thus, the linearized state matrix and eigenvalues of the MG can be derived without the balanced assumption.
The DP model of the test system is developed in the MATLAB/Simulink environment. This DP model is linearized around the operating point using the MATLAB function "linmod," and eigenvalues are calculated by the function "eig." Finally, the eigenvalue spectrum of the unbalanced MG can be obtained. As shown in Fig. 6 , these eigenvalues can be divided into three clusters. The eigenvalues in cluster 3 are far from the right-half plane, while those in cluster 2 are widely distributed in the frequency region. The dominant eigenvalues in cluster 1 are close to the imaginary axis, and the participation analysis is applied to measure the coupling between the state variables and eigenvalues. From the participation analysis, the eigenvalues in cluster 3 relate to the output current in the coupling inductance of DGs. The eigenvalues in cluster 2 are largely sensitive to the state variables of the LC filter, load, and dc sides of variables.
The dominant modes as shown in cluster 1 largely relate to the state variables of the power controller in the synchronverter and inner control loop of PV. The dominant low-frequency eigenvalues in cluster 1 and their related states are presented in Table III .
The sum of the participation factors on real and imaginary parts is used to define the participation of first DPs. The eigenvalues λ 1−2 are low-frequency modes, which are sensitive to the active power controller of synchronverters. λ 3 , λ 4 , and λ 5 are highly related to the active and reactive power control. λ 6−7 and λ 8−9 are participated by the variables from the PR controller. Among these modes, λ 1−2 presents the low-frequency oscillation among the DGs, and λ 8−9 contribute to the mediumfrequency oscillation produced by the PR controller of PV.
It is shown in Table III that the low-frequency dominant modes from λ 1−2 λ 5 are sensitive to the power controller of synchronverter. Hence, the parameters from the power controller are selected to do eigenlocus analysis at first. Fig. 7(a) plots the eigenlocus with the change of inertia coefficient J and K q . The low-frequency modes λ 1−2 move to the imaginary axis with the increase of J, which results in a poor-damped oscillation. Besides, the dominant modes from λ 1−2 to λ 5 move forward the imaginary axis with the increase of J and K q , which slows down the transient response synchronverters. Fig. 7(b) plots the eigenlocus of dominant modes with the change of the frequencydroop and voltage-droop coefficients. With the decrease of the droop coefficient, these modes move toward the imaginary axis. When D p = 2.04, the modes λ 1−2 pass through the imaginary axis and the MG becomes unstable. The dominant modes λ 1−2 are less sensitive to the change of the voltage-droop coefficient. However, λ 3 is close to the imaginary axis when D q is small, which slows down the transient response of the synchronverter after perturbation. Therefore, both D p and D q should be large enough to make sure the transient performance of the synchronverter. However, it should be noticed that relatively small D p and D q are necessary for an accurate power sharing, and relative large J and K q are needed to attenuate the harmonics of the measured power produced by the switching and unbalanced condition. Besides, the pair of eigenvalues λ 8−9 have the smallest damping ratio, which will cause the medium-frequency oscillation of PV when disturbance occurs. To restrain such oscillation, it is suggested that the damping ratio ξ of medium-frequency modes should be larger than 0.1. Fig. 8 plots the eigenlocus of the λ 6−7 and λ 8−9 with the change of K r and K p of the PR controller. For K p = 1, K r decreasing from 2000 to 100, λ 6−7 and λ 8−9 move to the imaginary axis with the decrease of the K r . For K r = 1000, K p increasing from 1 to 19, λ 6−7 and λ 8−9 also move to the imaginary axis. The imaginary part of these dominant modes decreases slowly during the parameter change. Thus, increasing K r or decreasing K p results in a higher damping ratio for the medium-frequency modes, which eliminates this oscillation. However, it is to be noticed that a relatively large K p is needed to eliminate the overshoot of the current of PV.
B. Simulation Results of the DP Model
In this section, the DP model results are validated against the high-fidelity switching model built in the MAT-LAB/SimPowerSystem environment. The load disturbance and asymmetrical faults are designed to test the accuracy of the DP model. Besides, the transient response of the MG with different control parameters is compared under different cases to investigate the influence of dominant modes on the transient performance of the MG. First, the load disturbance is ar- ranged to validate the low-frequency dynamics of the DP model. Second, an asymmetrical short-circuit fault is used to examine the medium-frequency and high-frequency dynamics. The third test is used to examine the performance of the DP model under the open-circuit fault.
1) Case Study 1-Load Disturbance Test:
In the first test, a disturbance in the load of bus 3 was arranged. This requires the addition of a resistance load R s in parallel to bus 3, as shown in Fig. 5 . This disturbance was chosen to be 6.5 kW (R s = 20 Ω). Fig. 9 (a) and (b) shows the active and reactive power response of synchronverter 1, respectively. The presentation of the DP for the active and reactive powers is shown in the Appendix. Due to the unbalanced condition of the MG, the output power of the DGs contains second harmonics. As can be seen in (6), the combination of the DPs P i 0 + 2| P i 2 | and P i 0 − 2| P i 2 | corresponds to the upper and lower envelops of the active power in the switching model. Q i 0 + 2| Q i 2 | and Q i 0 − 2| Q i 2 | corresponds to the upper and lower envelops of the reactive power. The transient responses of the DP model match well with that of the switching model. Fig. 9(c) depicts the frequency response of the test system. With the increase of the load, the frequency of the output voltage of the synchronverter-based DG decreases.
In addition, the first test is used to investigate the sensitivity of control parameters on the dominant dynamics of the MG. The participation analysis in Section IV-A reveals that dominant modes majorly participate on the power controller of the synchronverter. Among them, the low-frequency modes are highly related to the output power. Therefore, the transient response of active and reactive powers with different parameters of the power controller is compared in the numerical simulation. Fig. 10 plots the combination of the DPs P i 0 + 2| P i 2 | and Q i 0 + 2| Q i 2 | when different inertia parameters are adopted. As shown in Fig. 10 , a larger value of J and K q slows down the transient response of the synchronverter. The poor-damped low-frequency oscillation is observed when a larger moment of inertia J is selected, which coincides with the sensitive analysis presented in Fig. 7(a) . Fig. 11 illustrates the case when different droop coefficients are selected. Decreasing the voltage-drooping coefficient D p introduces the low-frequency oscillation among DGs. Little effect of decreasing reactive-power coefficient on the low-frequency modes is observed, but it increases the response time of the synchronverter.
2) Case Study 2-Asymmetrical Short-Circuit Fault Test:
In the second test, a two-phase grounded fault with a 1 − Ω fault resistance is conducted in phases a and b of bus 2 and is cleared after five cycles. The voltage of bus 2 and the fault response of DGs are presented in Fig. 12 . As presented in Fig. 12(a) , the bus voltage at phases a and b dip to 47% of the value at the steady state. The reference voltages of synchronverter-based DGs rise after this fault, which lead to the increase of the bus voltage at phase c. Fig. 12(b) and (c) depicts the output current of synchronverter-based DG 1 and DG 2, respectively. In Fig. 12(c) , the output current of DG 2 is much larger than that of DG 1, due to that DG is closest to the fault location. As shown in Fig. 12(d) , the output current of the single-phase PV increases abruptly and then decreases to the reference value due to the inner control. The capacitor voltage of the dc sides of synchronverter 2 is shown in Fig. 12(e) . The DP model predicts the oscillation of the dc capacitor voltage under an asymmetrical fault. As the second DPs describe the magnitude of the oscillation, the spike voltage predicted by the DP model may not exist in the switching model. But the DP model predict the worst scenario, which may destroy the capacitor under the asymmetrical fault. Fig. 12(f) shows the midpoint-to-neutral voltage. The waveforms of the switching model are filtered by the low-pass filter to extract the fundamental component. A large oscillation with a fundamental frequency appears during the asymmetrical faults, which imposes on the output voltage and deteriorates the voltage balance. The three-phase four-leg inverter or an isolating transformer can mitigate the node-to-ground voltage, but increase the cost and power loss of the MG.
Then, the second test is used to validate the influence of the PR controller on the dominant medium-frequency modes λ 6−7 and λ 7−8 , as presented in Table III . Since λ 6−7 and λ 7−8 are highly related to the PR controller of PV that manipulates the output current of PV, different K p and K r of the PR controller are selected to investigate their influence on the output current of PV. The DP 2 i pv 1 is observed in the numerical simulation, as shown in Fig. 13 . Increasing K r or decreasing K p can attenuate the medium-frequency oscillation of the output current and improve the transient response of the PR controller. However, a small K p may result in the overshoot of current. In the third test, the open-circuit fault is conducted at the distribution line between buses 1 and 3 in phase a. The open-circuit fault is carried out by changing the element in the network matrix. The line impedance of phase a is changed from 0.6 + 0.002ωjΩ to 1e 6 Ω at 1.5 s. The output currents of DGs are presented in Fig. 14. The output current of DG1 in phase droops abruptly, and DG2 transmits more output current in phasor a for the power balance.
The simulation time of different scenarios is presented in Table IV . The time-domain simulation of the DP model runs much faster than that of the detailed model in MAT-LAB/SimPowersystem. Although the simulation time of the model relates to the computing capability of the computer, the simulation time from Table IV reflects the small computation burden of the DP model. This is because the DPs describe the magnitude of the ac signals; the states in the DP model vary slowly even when instantaneous quantities change abruptly. Therefore, a large step time can be chosen for numerical simulation.
V. CONCLUSION
This paper developed a DP modeling procedure for the inverter-based MG under the unbalanced condition. Then, the DP model was used to investigate the dynamic behavior of the MG under the unbalanced condition. The effects of control parameters on the transient behavior of the MG were analyzed in detail. Several conclusions can be obtained.
1) The PR controller of a single phase introduces the medium-frequency dynamics with a low damping ratio. The droop controller of the synchronverter produces low-frequency oscillations among the DGs. The control parameters of DGs have a significant influence on the transient performance of the inverter-based MG. 2) For the three-phase three-leg inverter under the unbalanced condition, the dc midpoint-to-neutral voltage contains the fundamental frequency component, which deteriorates the balance of the output voltage. DC voltage fluctuation appears during the asymmetrical fault, which may damage the dc storage capacitor.
3) The DP model shows a good accuracy to capture the electromagnetic transient of the unbalanced MG. The simulation time of the DP model is much shorter than that of the switching model in MATLAB/SimPowerSystem. The proposed DP modeling approach allows a complete presentation of unbalanced configuration and asymmetrical faults, which is suitable for the system design and analysis of the inverter-based MG in a large scale. Moreover, the DP model provides a fixed equilibrium for the MG before and after asymmetrical faults, which is necessary to construct the Lyapunov function for the stability analysis purpose. The future work includes the DP modeling of the three-phase DGs using the vector control and transient stability analysis of the MG under asymmetrical faults.
APPENDIX
The dc component and second harmonics of active and reactive power can be presented by using the output voltage and current of the DG as 
